Abstract The aim of this study was to compare the vacuum and air cooling of cooked chicken breast samples arranged in stacks with one, two and three layers (1 kg per layer). The cooling rate obtained with vacuum cooling was approximately three times faster than that of air cooling. Moreover, a more homogeneous cooling was obtained with vacuum cooling, with similar temperature reductions for samples at different positions of the stack. On the other hand, vacuum cooling led to mass losses of 11-12%, while air cooling led to losses of 7-8%. The counts of mesophiles and psychrophiles of the vacuum-cooled samples were lower than those observed for air-cooled samples after ten days of product storage. Thus, the results presented in this work illustrate the potential benefits and disadvantages of the vacuum cooling technique as compared to the air cooling, especially for the processing of small meat cuts.
Introduction
Although innovative nonthermal technologies (e.g., high pressure and pulsed electric fields treatments) have been applied in some particular food processing operations, thermal processing is still the most common industrially applied method for producing microbiologically safe food products (Dawson et al. 2006 ). This is due to the fact that the benefits of thermal treatments, such as cooking, go beyond food safety aspects, since they also contribute to a desirable flavor, color and texture to processed foods. These benefits, allied to the growing consumer preference for pre-cooked or ready-to-eat foods, have pushed the development of new products prepared with cooked meat. The microbiological safety of such products depends on a rapid cooling of the meat after its cooking at the industry, since the growth of pathogenic microorganisms is usually fast for temperatures ranging from 52 to 10°C (Huang 2015) . In this context, many countries have been adopting more restrictive regulations regarding the cooling time of cooked meat products (USDA-FSIS 2001; FSAI 2006) . To comply with these new regulations without increasing dramatically the operational and capital costs, meat industries have been searching for effective cooling technologies. Among such technologies, vacuum cooling emerges as an interesting alternative especially due to its capability of producing rapid and homogeneous temperature reductions in meat products (Desmond et al. 2000; Wang 2001, 2004; Wang and Sun 2002a; Cheng and Sun 2006; Huber and Laurindo 2005; Drummond et al. 2009; Schmidt et al. 2010; Feng et al. 2012) .
Vacuum cooling is a simultaneous heat and mass transfer operation that involves the reduction of the sensible heat of the product by means of evaporating its unbounded water under vacuum conditions. The ratio between the cooling rates by heat conduction (conventional cooling) and by water evaporation (vacuum cooling) is up to 1:16 (Sun and Wang 2001) . As a consequence, vacuum cooling is generally much faster than air blast or water immersion cooling. Another important advantage of vacuum cooling is that it can be carried out in the same apparatus used for cooking, which prevents cross-contamination Burfoot et al. 1990; Schmidt et al. 2010) .
The vacuum cooling of large meat joints and the comparison with conventional cooling methods are research topics that have been extensively explored in the literature (McDonald et al. 2000; Desmond et al. 2000; Wang 2000, 2004; McDonald and Sun 2001a, b; Cheng and Sun 2006; Drummond and Sun 2008; Drummond et al. 2015) . However, studies focused on evaluating the benefits of vacuum cooling of small meat cuts, such as chicken breast cuts, are rather limited Huber and Laurindo 2005; Schmidt et al. 2010; Zhang et al. 2013; Schmidt and Laurindo 2014) . The cooling of small cuts often involves stacking these products inside a cooling chamber, aiming to better exploit the volume of the cooler. Then, when conventional cooling methods based on heat conduction are used, different cooling rates are typically observed in distinct product layers and the risk of microbiological growth is increased especially in the internal layers where lower cooling rates are observed. In this context, the more homogeneous cooling by water evaporation obtained using the vacuum cooling technique may be of great interest.
The objective of the current research work was to compare an integrated process of immersion cooking followed by vacuum cooling (ICk-VC) of chicken breast samples with a conventional process of immersion cooking followed by air cooling in a cold chamber (ICk-AC). These processes were applied to different amounts of chicken breast arranged in stacks with different numbers of layer. The investigated responses were the cooling rate, mass loss, and physicochemical and microbiological properties of the processed poultry meat. In addition, simple models that describe the heat and mass transfer during vacuum cooling were proposed and evaluated.
Materials and methods

Sample preparation
Boneless-and-skinless chicken breasts from a single company located in the south of Brazil (Tyson do Brasil Ltda, São José, SC, Brazil) were used in this study. The samples were collected at the industry, kept refrigerated at 4°C, and used within four days. Only samples with masses ranging from 240 to 270 g and pH ranging from 5.8 to 6.1 (measured in three different positions using a pH probe) were considered in the experiments. The moisture content of the raw chicken breast samples was determined by the gravimetric method (AOAC 2000) .
Experimental device for integrated cooking and vacuum cooling
The experimental device used for the integrated cooking and vacuum cooling of the samples consists of an autoclave connected to a vacuum pumping system with a vapor condenser, as reported by Schmidt et al. (2010) and illustrated in Fig. 1 . A vacuum pump with pumping rate of 350 m 3 h -1 (DVP, model LC.305, Italy) was used for evacuating the air from the cooking-cooling chamber, reducing the pressure from atmospheric levels to a given vacuum condition (1 kPa). The temperatures of the samples, of the air-vapor mixture in the chamber head-space, and of the cooking water were monitored using T-type thermocouples (IOPE, model TX-TF-TF-R-30AWG, Brazil) connected to a data acquisition system (Agilent, model 34970A, Malaysia). The vapor condenser consists of a hermetically closed vessel that contains a serpentine with circulating water (at 1°C) from a thermostatic bath (Microquímica, Brazil) . The pressure in the cooking-cooling chamber was measured with a pressure transducer (Freescale, model MPX2102, USA) and registered by the data acquisition system.
Cooking and cooling procedures
The following cooking and cooling processes were considered in this study: (i) integrated process of immersion cooking followed for vacuum cooling (ICk-VC) and (ii) immersion cooking followed by air cooling in a cold chamber (ICk-AC). In both processes, the samples were put in the interior of a perforated stainless steel basket, over a grid suspended by rubber supports. The basket with the samples was firstly weighed and then it was submersed in the cooking water (pre-heated at 100°C) inside the cooking-cooling chamber. The chicken breasts were arranged in 1, 2 or 3 layers, forming stacks of 4, 8 and 12 samples with masses of approximately 1, 2 and 3 kg, respectively (see Fig. 1 ). Stacks with different numbers of layers were considered in this work aiming to study the influence of such a factor on the vacuum and air cooling rates. During the cooking and cooling processes, the temperatures in the middle of the thickest (T 1 ) and thinnest (T 2 ) sections of the samples were monitored using thermocouple probes (see Fig. 1 ). The temperature measurements were recorded at intervals of 1 s. The end of the cooking stage was defined as the moment in which T 1 reaches a value of 80 ± 2°C.
The vacuum cooling was performed in the same chamber as the cooking, just after draining the cooking water, weighing the cooked samples, and hermetically closing the chamber to make it possible to operate at approximately 1 kPa.
The air cooling was performed in a cold chamber with volume of 350 L, to where the basket with cooked samples was transferred. Such a chamber was kept at 4 ± 1°C and was equipped with two fans, which avoided significant internal temperature gradients by circulating air at velocities between 0.5 and 2.0 m s -1 . The monitoring of the temperature and velocity of the air inside the chamber was carried out using a T-type thermocouple and an anemometer (Testo, model 425, Germany), respectively, both connected to a data acquisition system. The relative humidity of the air flowing inside the chamber (measured using a digital hygrometer-Testo, model 610, Germany) was higher than 85%.
For both methods (vacuum and air cooling), the cooling was carried out until reaching a temperature of approximately 9°C in the middle of the thickest section (T 1 ) of all monitored samples. Such a temperature corresponds to the saturation temperature of water at the minimum pressure reached in the vacuum chamber (* 1 kPa). The evaluated processes (ICk-VC and ICk-AC) were repeated three times for each experimental condition (1, 2 e 3 kg of product).
Process parameters
The evaluated process parameters were the mass loss of the samples during the cooking and cooling stages, as well as the mass loss during the whole process. The global weight loss (Dm G ) was calculated as the percentage weight loss between the uncooked and the cooked-cooled samples. The considered cooking weight loss (Dm Ck ) is the percentage weight loss between the uncooked and the cooked samples, while the cooling weight loss (Dm C ) is the percentage weight loss between the cooked and the cookedcooled samples.
The ratio of the average temperature reduction to the percentage of mass loss (g T ) was computed according to Eq. (1).
The values of weight loss reported in this work are the mean of three replicates (in each repetition, 4, 8 and 12 samples were used in the experiments with 1, 2 and 3 kg of samples, respectively).
Modeling and simulation of the heat and mass transfer during vacuum cooling
Aiming at modelling the temperature evolution during the vacuum cooling, it was assumed that the mean temperature T m of the sample is equal to the temperature of the saturated steam at a given pressure P during the cooling. T m is defined as the arithmetic mean of the two readings of temperature from the middle of the thickest (T 1 ) and thinnest (T 2 ) sections of the chicken breast samples (see Cooking-cooling chamber temperature range of 0 to 200°C (Smith et al. 2007 ) was used for predicting T m (in°C) as a function of the pressure P in the chamber (in kPa) during vacuum cooling. The mass variation of the samples during vacuum cooling (Dm) was computed using Eq. (3). This equation is based on an energy balance, considering that the heat is transported from the product to the surrounding steam-air mixture exclusively by the evaporated water. Since the amount of evaporated water is proportional to the temperature drop, one can notice that the pressure drop in fact controls the cooling process [see Eq. (2)]. In other words, the kinetics of water evaporation is governed by the dynamics of pressure reduction. A numerical iterative procedure was implemented using the MATLAB Ò platform to calculate the sample mass variation for any time t. The final mass of the product [m(t max )] was compared to the experimental result obtained by weighing at the end of the vacuum cooling.
In Eq. (3), m is the mass of product in kg, c is its specific heat in kJ kg -1°C-1 , DT m represents the variation of the sample mean temperature (in°C) for a cooling time step Dt, and DH is the vaporization enthalpy of water in kJ kg -1 , given by Eq. (4) with T m in°C (Dostal et al. 1999) . 
It is assumed that the specific heat (c) of the chicken breasts varies only with the moisture content (x w , in wet basis) of the product, according to the Siebel correlation given by Eq. (5) 
Sample analyses
Moisture: the moisture content of the cooked and cooled samples of chicken breast was determined by the gravimetric method (AOAC 2000) . Color: changes of color at the surface of the processed chicken samples were determined with a colorimeter (HunterLab, model Miniscan EZ, USA). The color data are presented in the CIEL*a*b* color scale for the illuminant/ observer D65/10°combination. The final average color of the samples treated at a particular cooking-cooling condition was computed from 27 color readings, obtained from three color measurements per sample, comprising a set of nine samples per cooking-cooling run.
Instrumental texture: the shear force was the mechanical property examined for the cooked-cooled chicken samples. It represents the maximum force necessary to cut a sample using a Warner-Bratzler (WB) blade, which was measured with a texture analyzer (Stable Micro Systems, model TA-TX2, UK). Strips of 30 mm 9 13 mm 9 13 mm (length 9 wide 9 thick) were obtained from the center of each sample, wrapped in a plastic film and kept under refrigeration at 10°C before being subjected to the analysis. The WB shear force was measured perpendicularly to the longitudinal orientation of the muscle fibers, using a shear speed of 5 mm s -1 . For obtaining each single average result of shear force, the Warner-Bratzler test was repeated using nine different samples processed at identical cooking-cooling conditions.
Microbial analyses were performed for raw samples, for processed samples immediately after the process, and also for processed samples stored at 10°C for 5 and 10 days in sterilized bags. To avoid cross-contamination between raw and processed samples, all material used in the thermal treatments (e.g.; thermocouples, cooking vessel, cooling chambers, wire basket) was cleaned with a 50 ppm aqueous chloride solution for 30 min before a new cookingcooling experiment. The total counts of mesophiles and psychrophiles were determined according to a standard procedure (APHA 2001) . The evaluated processes (ICk-VC and ICk-AC) were carried out in triplicate. For each repetition, three samples were analyzed with two analyses per sample.
Statistical analysis
The results were analyzed by one-way ANOVA at the 95% probability level. In the case of significant effects (p B0.05), the means were compared using the Tukey's test. The Statistica 7.0 software was used for the statistical analysis.
Results and discussion
Cooling rates
The evolution of the temperatures of the samples (in the middle of the ticker section, T 1 ) arranged in 1, 2 and 3 layers (with 1 kg per layer) during the cooling stage of ICk-VC and ICk-AC processes is shown in Fig. 2 (for a better visualization, a sparse version of the temperature measurements is presented in this figure, since these measurements were taken with a 1 s interval). In all the cases (with 1, 2, and 3 kg of product), the time to reduce the temperature of the samples from 80 to 10°C by vacuum cooling was approximately three times shorter than that obtained with air cooling (see Fig. 2a-c) . Such a difference is explained by the different mechanisms controlling the cooling stage of the ICk-VC and ICk-AC processes. As previously mentioned, the vacuum cooling of the ICk-VC is obtained by evaporating the unbounded water at low pressures, which results in an instantaneous removal of a large amount of latent heat (Sun and Wang 2000; Schmidt and Laurindo 2014) . In contrast, the air cooling of the ICk-AC is controlled by the slower mechanisms of heat conduction and heat convection (Cheng and Sun 2006; Zhang et al. 2013) .
The experimental results shown in Fig. 2a -c also indicate that the total mass of samples (1, 2 and 3 kg) had influence on the cooling rates obtained by both cooling methods. In the case of air cooling, this is due to the fact that heat conduction is generally slow in foods with low thermal conductivity (such as meat) and, thus, different stack sizes will naturally lead to different cooling rates. For the vacuum cooling, the reason for obtaining different cooling rates for 1, 2 and 3 kg of products was the different rates of pressure reduction achieved (see Fig. 2d ). This difference of pressure reduction rate is due to a limitation of the vacuum system to remove, at same velocity, the larger volumes of vapor generated during the cooling of larger amounts of product. Such an explanation is supported by the discrepancy between the rates of vacuum cooling (VC) and vacuum cooling with products immersed in water (IVC) reported in a previous work (Schmidt et al. 2010) . Moreover, many other independent studies also confirm the effect of the rate of pressure reduction (Sun and Wang 2004; Drummond and Sun 2012) and of the condenser efficiency (Wang and Sun 2003; Jin et al. 2011 ) on the vacuum cooling rate of foods. As a general conclusion, these investigations state that the shortest time to attain a desired pressure is achieved by the combination of a highcapacity vacuum pump with effective condensers operating at low temperatures, especially due to the high specific volume of vapor at the low pressures used in vacuum cooling.
The results from Fig. 2b and c also reveal that, when vacuum cooling was applied, almost identical temperatures profiles were observed at the different layers (top, middle, and bottom) of the stack-arranged products. This happens because, during the vacuum cooling, the water evaporates from both the surface and pores of the samples, leading to a more uniform cooling regardless of the product overlapping. Such a finding was already observed for small beef cuts and ground meat subjected to vacuum cooling (Zhang et al. 2013) . In contrast, the temperatures of the samples located at different layers were significantly different when air cooling was applied. This difference emerges mainly as a consequence of the greater heat transfer by convection observed between the samples located at top of the stack and the cold air. Figure 3 presents characteristic curves of temperatures in the middle of the thicker and thinner sections (T 1 and T 2 ) obtained in one chicken breast halve for each of the processes evaluated. These curves confirm that the samples subjected to vacuum cooling present a more homogeneous cooling than those subjected to air cooling (see Fig. 3a, b) . Figure 3c shows the difference between T 1 and T 2 , making even more evident the temperature homogeneity of samples subjected to vacuum cooling. It is important to mention that cooking leads to changes in the meat microstructure (due to thermal denaturation of meat proteins, loss of water, and formation of drip channels) that increase the porosity of the product and contribute to the more homogeneous cooling obtained by the vacuum cooling (van der Sman 2013). Moreover, the formation of vapor inside the meat during vacuum cooling also contributes to the porosity increase (McDonald and Sun 2001a) . This factor has often been associated with a positive influence on the reduction of internal gradients of temperature of meat products subjected to vacuum cooling (McDonald and Sun 2001a; Wang and Sun 2002b; Feng et al. 2012; Drummond and Sun 2012; Zhang et al. 2014) . In contrast, the increasing difference between T 1 and T 2 at the beginning of the air cooling process (see Fig. 3c ) may be explained by the rapid reduction of the temperature at the surface of the product, which is due to the water evaporation and the heat transfer by convection between the surface and the cold air, while the internal temperature is reduced slowly due to the low thermal conductivity of the cooked meat, approximately 0.5 W m -1 K -1 (Sun and Zheng 2006) . This difference reaches a maximum value, since the cooling medium (air) limits the decline of the surface temperature. Then, the difference between T 1 and T 2 gradually decreases as a consequence of the conduction of the heat from the interior to the surface of the sample.
Modeling of the heat and mass transfer during vacuum cooling
A comparison between experimental and predicted average temperatures of chicken breast samples submitted to vacuum cooling is presented in Fig. 4a (for 1 kg of samples) , b (for 2 kg of samples), and c (for 3 kg of samples). For all cases considered, the mean absolute difference between experimental and predicted data was lower than 3°C. These results support the assumption that the vacuum cooling is an isenthalpic process, i.e., water evaporation is the only responsible by temperature reduction during the process. Although many efforts have been made to describe the kinetics of vacuum cooling in a way that accounts for a non-instantaneous equilibrium between vapor and liquid water (Wang and Sun 2002b; Sun and Hu 2003; Jin and Xu 2006a, b; Zhang et al. 2014) , it seems that the modeling approach proposed here, which is based solely on the Antoine equation, is able to describe properly the temperature evolution of cooked chicken breast samples during vacuum cooling for the evaluated pressure reduction rate. However, the adequacy of the model (Eq. 2) to predict the temperature variation during the vacuum cooling involving other products and other pressure reduction rates still needs to be evaluated.
The variation of the mass of the samples during vacuum cooling normalized by the mass of the samples after the cooking, denoted here by b, is shown in Fig. 4d (for 1 kg of samples), e (for 2 kg of samples), and f (for 3 kg of samples). In all the cases, the mass of the samples decreased rapidly for approximately 10 min and then slowly for the remaining cooling time (see Fig. 4d-f) , which is consistent with the experimental curve of pressure reduction in the chamber presented in Fig. 2d . This confirms that, at the examined circumstances, the rate of mass loss is essentially dependent on the velocity in which the latent heat is transferred from the product to the surrounding vapor-air mixture. Since the cooled product was only weighed at the end of the cooling period, a comparison between experimental and predicted results of b was only made at the end of the process (see Fig. 4d-f) . Based on the small relative difference between these results (B1.3%), it seems that Eq. (3) Mass loss, moisture and the ratio of average temperature reduction to the percentage of mass loss A summary of the results of sample mass loss during cooking and cooling is shown in Table 1 . The mass loss of the chicken breast samples after the immersion cooking was around 19.3%. The variability of this parameter can be attributed to (i) the heterogeneity of the samples (pH, thickness, among others) and (ii) imprecisions on the positioning of the thermocouples in the samples, which may interfere on the attained value of temperature and in the process time. Regarding the relative mass loss during the cooling, a significant difference (p \ 0.05) was observed between the vacuum cooling and the air cooling. As expected, the mean values of mass loss observed after the vacuum cooling of 1, 2, and 3 kg of samples (between 11.5 and 11.7%) were larger than the values observed after the air cooling (between 6.8 and 8.4%). This larger mass loss is an inevitable outcome of the vacuum cooling, since the cooling is obtained by evaporating water from the product (Schmidt and Laurindo 2014) . Many studies have been conducted aiming to reduce or compensate such a mass loss, and the vacuum cooling with the product immersed in water has been gaining attention (Cheng and Sun 2006; Drummond and Sun 2008; Schmidt et al. 2010; Schmidt and Laurindo 2014; Drummond et al. 2015) . It is also worth highlighting that the values of mass loss observed after the cooling of 2 and 3 kg of samples using air cooling were significantly longer (p \ 0.05) than the values observed after cooling 1 kg of product using the same method. This difference may be associated with the larger cooling time observed in the processes with 2 and 
Moisture (g 100 g 3 kg of product (see Fig. 2 ), which promoted a greater dehydration of the samples. In general, the moisture contents of the samples subjected to ICk-VC were lower than those observed in samples subjected to ICk-AC (see Table 1 ). The only exception is for the ICk-VC process with 3 kg of product, which resulted in samples whose average moisture content was statistically similar to those of samples subjected to ICk-AC with 2 and 3 kg of product (p [ 0.05). This can be explained by the variability of mass loss during cooking, especially when a larger amount of product was considered.
The ratio of average temperature reduction to the percentage of mass loss (g T ) obtained by vacuum cooling was approximately 6°C/1%. This ratio is close to values reported in the literature for vacuum cooling of beef (Sun and Wang 2004) and chicken (Huber and Laurindo 2005) . On the other hand, g T ranged from 8.6 to 10.9°C/1% for air cooling in a cold chamber, at the cost of a smaller cooling rate.
Color, shear force and microbiological quality of the cooked-cooled samples
The obtained values of color parameters and WB shear force for the samples subjected to the ICk-VC and ICk-AC processes are presented in Table 2 . From this table, one can notice that no significant difference (p [ 0.05) was observed in the results obtained for L*, a* and b* parameters for the samples subjected to ICk-VC and ICk-AC, confirming the results from other authors working with ham (Desmond et al. 2000) and beef cuts (Zhang et al. 2013 ). On the other hand, the values of WB shear force were significantly larger (p B 0.05) for the chicken breasts subjected to the ICk-VC (38.9 N) in comparison to those subjected to ICk-AC (32.4 N). These results corroborate the results obtained by other authors for beef cuts and ham (Desmond et al. 2000; Cheng and Sun 2006; Drummond et al. 2009 ). In general, the greater values of WB shear force observed for the samples subjected to ICk-VC are related to smaller values of moisture content.
The results of counts of mesophiles and psychrophiles of the raw and treated chicken breasts stored for 0, 5 and 10 days at 10°C are also shown in Table 2 . For both processes considered (ICk-VC and ICk-AC), it was possible to reduce the total mesophile count by three logarithmic cycles and the total psychrophile count by two logarithmic cycles. In addition, the results of total counts of mesophiles and psychrophiles during the storage indicated that there was a smaller tendency for microbial growth in samples subjected to ICk-VC. Similar results were observed by McDonald et al. (2000) for samples of cooked beef subjected to vacuum cooling and other conventional methods (air blast cooling and water immersion cooling). These authors associate the lower level of microbial growth in the samples subjected to vacuum cooling to the higher cooling rates and the lower water activity of such samples.
Concluding remarks
The results presented in this work show that the vacuum cooling can significantly increase the cooling rates of small cooked meat cuts, such as chicken breasts, in comparison to the air cooling. Moreover, the vacuum cooling is especially advantageous in cases involving the cooling of meat cuts subjected to stacking, since the temperature of the cuts is reduced at the same rate, regardless of their position in the stack. Beyond these advantages, the vacuum cooling can also be integrated with the cooking process in the same device, avoiding excessive product manipulation and the consequent risk of microbiological contamination. On the other hand, due to the mass loss that occurs during the vacuum cooling, the products subjected to the ICk-VC process present smaller moisture content than those subjected to ICk-AC. Such a mass loss can be satisfactorily estimated by knowing the temperature variation of the product during the vacuum cooling and considering that each temperature decrement corresponds to a proportional evaporation of product water (following an isenthalpic process). In addition, for the evaluated experimental conditions, the temperature reduction occurs simultaneously to the evaporative process i.e., there is practically no delay in the evaporative cooling. This fact is associated with the microstructure of the cooked chicken breast (porosity and pore sizes), which facilitates the transport of vapor to the product surface. Thus, in applications where the mass loss does not represent a problem, the vacuum cooling is a viable alternative for reducing the processing time and obtaining a homogeneous cooling.
